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Schrödinger was alarmed by creation
of a single particle
per Hubble time      (H0−1 ~ 1010 yr )
per Hubble volume (H0−3 ~ 1057 km3 ) 
with Hubble energy (H0 ~ 10−33 eV )
Schrödinger’s Alarming Phenomenon
How to understand mutual adulteration (particle creation)?
The Quantum Vacuum
External Fields Can Disturb The Quantum Vacuum
Disturbing the Quantum Vacuum
E

e+ e−
Particle creation if energy gained in acceleration from electric field  
over a Compton wavelength exceeds the particle’s rest mass. 
Particle creation
Heisenberg & Euler (1935); Weisskopf (1936); Schwinger (1951) 
Changing Electric Field
e+ e−
Disturbing the Quantum Vacuum
Hawking (1974); Bekenstein (1972) 
Particle creation if energy gained in acceleration from gravitational 
field over a Compton wavelength exceeds the particle’s rest mass. 
Particle creationTidal gravitational field              
Black
Hole
tidal gravity
field
e+ e−
e+ e−
Disturbing the Quantum Vacuum
Particle creation if energy gained in expansion over a Compton 
wavelength exceeds the particle’s rest mass.
Particle creationExpanding universe
Schrödinger’s Alarming Phenomenon (1939)
e+ e−
e+ e−
expansion
of space
Schrödinger’s Alarming Phenomenon
Technical Details:
Schrödinger’s Alarming Phenomenon
Free quantum scalar field χ of mass M in Minkowski space:
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Equation of motion (Klein-Gordon equation):
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Schrödinger’s Alarming Phenomenon
Couple scalar field χ to gravity:
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If express in terms of conformal time η :
wave equation with time-dependent mass that
depends on evolution in time of the scale factor
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Schrödinger’s Alarming Phenomenon
Solutions to wave equation are adulterated:
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Pure outgoing (+ frequency) solution
is a good solution if                        and
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Abrupt-ish changes in a(η) leads to abrupt changes in ωk(η), which 
adulterates positive and negative frequency modes, leading to 
Schrödinger’s Alarming Phenomenon of particle creation in the 
expanding universe.
Schrödinger’s Alarming Phenomenon
Solutions to wave equation include both + and − frequency terms
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If start with only outgoing waves, βk(η) = 0, 
generate incoming waves, βk(η) ¹ 0.
Comoving number density of particles at late time is
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Schrödinger’s Alarming Phenomenon
• Expansion of the Universe leads to time dependence of the 
coupling of fields to gravity
• Expansion of the universe leads to creation of all species of 
particles so long as there is a “time” dependence to ωk(η) 
note:            can be positive
• Adulteration efficacy depends on abruptness of change in ωk(η) 
and
• Many subtleties glossed over
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particles “produced” when
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Schrödinger’s Alarming Phenomenon
adiabatic
adiabatic
non-adiabatic
η
⏐βk⏐2
0
A pattern
of vacuum
quantum
fluctuations
density 
perturbations 
and 
gravitational 
waves 
(gravitons)
 → 0
 → 0
• Scalars: big difference between minimally-coupled (ξ = 0) and 
conformally-coupled (ξ = 1/6) scalars
If ξ = 0 tachyonic during inflation at k/a H ∼ 1  
If ξ = 1/6 nonadiabatic at end or just after end of inflation
Should probably view ξ  as a free parameter?
• Fermions: naturally similar to conformally-coupled scalars 
• Vectors: in the works
• Crucial parameter is ratio M/H
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Some Details 
WIMPzillas
• Schrödinger’s Alarming Phenomenon applies to all particles*
• All particles* produced during inflation
• Could dark matter be produced during inflation?
* So long as conformal symmetry violated.
• Inflation signifies a new 
mass scale.
• He, expansion rate at end of 
inflation, comparable to 
inflaton mass.
• Might expect other particles 
with mass comparable to 
inflaton mass.
• If one is stable, natural 
candidate for dark matter 
(WIMPzilla miracle).
The WIMP “Miracle”
The WIMP “Miracle”
mir·a·cle
\ˈmir-i-kəl \
noun
1 : an extraordinary event manifesting
divine intervention in human affairs
… often used to give an 
impression of great and 
unusual value in a trivial 
context …
The WIMP “Miracle”
WIMPzillas as dark matter
WIMPzillas as dark matter
ξ = 0
Scalar ξ = 1/6
WIMPzillas and the Higgs Portal
• Original WIMPzilla idea assumed that zillas have only 
gravitational interactions
• Would only be produced gravitationally—no “thermal” 
production
• This is naïve:  even if zillas SM singlet, they should couple to 
SM through Higgs portal:
Fermion zilla:  dimension-5
Scalar zilla:     dimension-4
• Opens window to “thermal” production freeze-in after inflation
†
Pl
H H
M
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†H Hκ χ χ∗
Reheat temperature is not maximum temperature after inflation
Between end of inflation and reheating
Giudice, et al.
Kolb & Long
Won’t see zillas in direct detection experiments
(target with A = 1012 would be good!)
For accelerators, need LHCzilla
Very rare very energetic annihilations today (e.g., GC)
Signatures of primordial isocurvature perturbations 
Gravitational Particle Production: seeds 
of structure, gravitons, dark matter? 
Nature uses only the longest threads to weave her patterns, so that each small piece 
of her fabric reveals the organization of the entire tapestry.
Richard Feynman
Why gravitational production of dark matter?
1. Based upon beautiful physics
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Why gravitational production of dark matter?
2. Nearly universal phenomenon
1. Based upon beautiful physics
3. WIMPzilla mass roughly inflaton mass
5. Annoys John Ellis 
4. One day might think of signal (Higgs portal?)
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